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We present a time-gated Raman micro-spectroscopy tech-
nique suitable for fast Raman mapping of samples eliciting
large laser-induced fluorescence backgrounds. To achieve the
required time resolution for effective fluorescence rejection, a
picosecond pulsed laser and a single-photon avalanche diode
were used. A module consisting of a spectrometer, digital
micromirror device, and two prisms was used for high-
resolution spectral filtering and multiplexing, which is re-
quired for a high chemical specificity and short integration
times. With this instrument, we demonstrated time-gated
Raman imaging of highly fluorescent samples, achieving
acquisition times as short as 3 min for 40 × 40 pixel resolu-
tion images.
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Raman micro-spectroscopy is a powerful tool for mapping
molecular properties of samples with diffraction-limited spatial
resolution [1]. However, a major source of noise for many sam-
ples arises from laser-induced fluorescence emission, which is a
concurrent phenomenon with Raman scattering. This fluores-
cence background signal, in some cases, can be orders of mag-
nitude higher than the Raman signal itself. If the relatively weak
Raman signal is of the same order (or smaller) as the shot noise
caused by the fluorescence signal, then the Raman signal is lost.
Many techniques have been proposed over the years to
counteract the effects of fluorescence emission [2–6]. Com-
putational techniques can subtract the fluorescence background,
but cannot eliminate the fundamental shot noise caused by the
fluorescence photons. Using an excitation laser wavelength in the
700–830 nm near-infrared region can reduce the likelihood of
fluorescence excitation for many samples in order to facilitate rea-
sonably short integration times (0.1–1 s) required in hyperspectral
Raman mapping. Nevertheless, this approach may still not be
sufficient for a range of systems such as pigmented samples
(e.g., pigmented biological samples, art and archeology artefacts,
geology). Operating in the time domain, while still maintaining
near-infrared excitation using picosecond pulsed lasers, has
proven to be one of the most effective methods for dealing with
highly fluorescent samples in Raman spectroscopy. Using this ap-
proach, the Raman and fluorescence photons can be separated in
the time domain, thus preventing the latter from being measured
and eliminating the photon shot noise associated with fluores-
cence emission.
The existing time-gating Raman spectroscopy techniques
use either direct optical gating or time-correlated single-photon
counting. The optical gating techniques use typically an optical
Kerr Gate [7] or an iCCD camera [8] and achieve high fluo-
rescence suppression and high-spectral resolution, but can re-
quire long acquisition times. While the optical Kerr gating
offers the highest temporal resolution and choice of excitation
wavelength, it requires a complex system that includes powerful
pulsed laser systems to activate the Kerr medium, restricting
its implementation into specialist laboratories. In principle,
iCCDs could provide an effective solution, but noise created
by the intensifiers results in a limited signal-to-noise ratio.
Time-correlated single-photon counting techniques use a
high temporal resolution detection system to record the time
of arrival of each photon, and a scanning monochromator is
used to record a Raman spectrum. However, Raman mapping
requires a large number of measurements (e.g., 10,000 spectra
for a 100 × 100 image), making mapping not practical.
Multichannel single-photon avalanche diode (SPAD) arrays
have been developed [9–13] that can reduce the acquisition
times. However, these multichannel SPAD devices, which
are still in the developmental stage, have a low fill factor,
and the temporal resolution of the combined array is typically
poorer than that of a single detector.
Here we present a simple time-gated Raman micro-
spectroscopy technique that overcomes the above-mentioned
limitations. A single SPAD element was used as a detector,
as it allows for optimum temporal resolution and, thus, effec-
tive fluorescence rejection. To minimize the acquisition time
for mapping, we selected a high-repetition-rate picosecond laser
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(10 MHz) and a wavelength multiplexing detection system
based on a spectrometer and a digital micromirror device
(DMD).
DMDs have been used in conjunction with spectrometers,
both for spectral [14,15] and spatial filtering [16,17] (but not
in a time-gated mode); here we used two prisms to recombine
the spectrally filtered Raman photons onto the single SPAD
element in order to provide spectral multiplexing. While this
configuration does not provide any advantage when acquiring
full Raman spectra (scanning of DMD elements is still re-
quired), the high-resolution spectral filtering enabled by the
DMD, combined with the spectral multiplexing, single SPAD
element, and high-repetition laser enabled molecular mapping
of highly fluorescent samples at high speed, while maintaining a
high chemical specificity. The DMD spectral filter can be opti-
mized for only one compound at a time, requiring a separate
acquisition for each target compound.
A schematic description of the instrument is presented in
Fig. 1. A 35 ps pulsed DFB diode laser with 775 nm wavelength
(Katana 775, 65 mW average power, 5 nJ pulse energy, 10 MHz
rep rate) was focused on the samples via an optical microscope
(Nikon) equipped with a 50× and 0.50 NA objective (Leica N
PLAN L) and a translation stage (PI 542). The Raman scattered
photons, together with the elastically scattered and fluorescence
photons, were collected by the same objective and collimated
towards a spectrometer (Andor Shamrock 303i) equipped with
a 300 lines/mm grating. A long-pass filter (BLP01-785) was used
to block the elastically scattered light from entering the spec-
trometer. The spectrometer was equipped with a deep-depletion
back-illuminated CCD (DU401 Andor). By switching a mirror,
it was possible to direct the dispersed Raman and fluorescence
light via a side port onto a DMD (Texas Instruments
DLP3000). Lenses L1 and L2 relay the image plane from the
spectrometer output port onto the DMD. As each spatial
element of the DMD corresponds to a specific wavelength,
the DMD can be used for high-resolution spectral filtering.
The light corresponding to the selected wavelengths is recom-
bined via two equilateral prisms and then focused by lens L4
onto a 50 μm × 50 μm area SPAD (MPD 50CT SPAD). The
prisms were selected to obtain the desired amount of dispersion,
and lens L3 was selected to match the dispersion angles from the
spectrometer to the dispersion of the prisms, such that the entire
selected wavelength range was successfully recombined to form a
collimated polychromatic beam. The arrival of each pulse from
the SPAD was compared with the Katana laser sync pulse via a
time-to-digital convertor (TDC) with 10 ps temporal resolution
(TDC GPX2 by ams). A microcontroller handled the configu-
ration of the TDC and the data acquisition via SPI communi-
cation, which then sent the photon detection data in binary serial
format to a personal computer. The instrument time response
was approximately 190 ps, which is currently limited by the
SPAD used.
Figure 2 compares spectra of non-fluorescing materials (e.g.,
polystyrene [PS]) acquired using the conventional Raman setup
based on the CCD with spectra of the same samples acquired
by scanning the DMD elements sequentially (referred to as
“DMD scanning”). (The spectral range of 650–1650 cm−1
and resolution of 10 cm−1 were kept the same.) Only minor
differences related to the relative intensity of the bands were
observed; these were attributed to the differences in the
Fig. 1. Schematic description of the instrument (not to scale).
DMD, digital micromirror device; SPAD, single-photon avalanche
photodiode; TDC, time-to-digital converter; L1, L2, L3, L4, lenses;
P1, P2, prisms; M, mirror; LPF, 780 nm long-pass filter; x, y, micro-
scope translation stage.
Fig. 2. (a) Comparison between the Raman spectra of a PS sample
acquired with the conventional CCD and with the new setup in the
DMD scanning mode without time-gating (all time components in-
tegrated). (b) Same as (a) but after a drop of a red 730 dye (lifetime
∼1 ns) was added on the PS. The time distribution of the detected
photons before (red) and after adding the fluorescent dye (gray) is pre-
sented on the right. (c) Time-gated Raman spectra of the PS/dye
acquired in the DMD scanning mode. Acquisition time: 200 s.
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wavelength dependence of the optical components and detec-
tion efficiency of the SPAD and CCD.
Figure 2 shows that all main bands measured in the conven-
tional Raman spectrum of PS acquired with the CCD can be
identified in the spectrummeasured in the DMD scanning mode.
To evaluate the ability of the instrument to discriminate be-
tween Raman and fluorescence photons (i.e., fluorescence re-
jection), the experiments were repeated after adding a highly
fluorescent dye (Sigma Aldrich fluorescent red 730 78581—
lifetime ∼1 ns, maximum absorption/emission wavelengths:
680 and 755 nm, respectively) solution on top of the PS sam-
ple. Figure 2(b) shows that the Raman bands of PS are
swamped by the broad fluorescence background, both for the
spectrum acquired with the CCD and the spectrum acquired in
the DMD scanning mode without time-gating. The main band
of the PS at 1004 cm−1 corresponding to the ring breathing
mode can hardly be distinguished. Nevertheless, the histograms
of the timing of photon detection events [Fig. 2(b)] show that
the Raman bands could be recovered effectively by time-gating
the detection. The time-gated Raman spectra of the PS/dye
sample [Fig. 2(c)] show that, for time gates shorter than
200 ps, the Raman bands of the PS can be observed clearly.
[The bands in the spectra acquired at 140 ps are similar to those
in Fig. 2(a)].) The level of fluorescence suppression depends on
the time gate and the characteristics of the electronic transition
responsible for the fluorescence emission.
While the results in Fig. 2 demonstrate efficient rejection of
the fluorescence photons, the new detection scheme in a DMD
scanning mode, however, presents no specific advantages com-
pared to previously reported time-gated Raman spectroscopy
using single SPAD elements and scanning monochromators.
The advantage of the DMD scheme becomes evident when
operating the instrument in a “DMD spectral multiplexing”
mode, which allows simultaneous detection of the Raman pho-
tons corresponding to selected Raman bands of interest, with
high-spectral resolution filtering (10 cm−1 for this instrument)
and high-efficiency rejection of the fluorescence photons. The
acquisition of a higher number of Raman photons, at a high
repetition rate offered by the laser (10 MHz), leads to signifi-
cantly shorter integration times and makes time-gated Raman
spectral mapping practical.
To demonstrate these advantages, we selected a sample con-
sisting of trans-stilbene and Tylenol (paracetamol) powder on a
glass coverslip, covered by a small amount of fluorescent dye
solution [Fig. 3(a)]. The time-gated Raman spectra of Tylenol
and stilbene measured in the DMD scanning mode before add-
ing the fluorescence were used to identify the Raman bands
that provide the highest spectral discrimination between the
two materials [Fig. 3(b)]. The spectral features were then
Fig. 3. (Continued)
Fig. 3. (a) Bright-field image of the Tylenol (paracetamol) and stil-
bene powder on a glass coverslip (mapping area 120 μm × 120 μm).
(b) Time-gated spectra of stilbene (circle) and Tylenol (triangle). The
bands used for multiplexing are highlighted. (c) Time-gated Raman
spectra at the same locations after the addition of the fluorescing
dye on top of the sample. (d) Time-gated Raman maps acquired in
the DMD multiplexing mode corresponding to the Tylenol (left)
and stilbene (right) bands. Acquisition times: 3 min for stilbene maps,
27 min for the Tylenol maps. (e) Combined pseudo-color Raman
map: Tylenol (purple) and stilbene (green); the time gate was 120 ps
for Tylenol and 160 ps for stilbene; total time, 30 min.
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carefully chosen to maximize the Raman signal while minimiz-
ing the spectral overlap. In the example presented here, the
bands unique to Tylenol were selected at 710, 790, 1240,
and 1370 cm−1 [highlighted in gray in Fig. 3(b)], while the
bands unique to stilbene were the 990, 1200, 1450, and
1590 cm−1 [highlighted in pink in Fig. 3(b)]. After adding
the fluorescent dye, time-gated Raman spectra were collected
at the same locations [Fig. 3(c)].
The results show that the Tylenol bands can be efficiently
recovered for time gates as long as 160 ps, but they become
covered by the fluorescence background at time gates longer than
300 ps. A similar increase in the fluorescence background at
longer time gates is observed for stilbene; however, stilbene mol-
ecules have a higher Raman scattering cross section, and some
bands can be identified, even for time gates as long as 1000 ps.
After identification of the specific bands for Tylenol and stil-
bene, time-gated Raman maps were acquired by raster scanning
the sample through the laser focus over an area of 120 μm ×
120 μm (3 μm step size, corresponding to 40 × 40 pixels)
[Fig. 3(d)]. To obtain the time-gated Raman maps of Tylenol,
the DMD elements corresponding to the 710, 790, 1240, and
1370 cm−1 were selected to reflect the Raman photons towards
the SPAD, while all other DMD elements were switched to re-
flect the light corresponding to all other wavelengths towards the
beam block. For the Raman maps highlighting the areas of stil-
bene, only the DMD elements corresponding to the 990, 1200,
1450, and 1590 cm−1 were turned towards the SPD. This spec-
tral multiplexing allowed the acquisition of the time-gated
Raman signals with integration times of 1 s per pixel for Tylenol
and 0.1 s per pixel for stilbene. The total measurement times for
the 40 × 40 pixel resolution images were 27 min for the Tylenol
and 3 min for the stilbene (a total scan time for both materials of
approximately 30 min). To obtain the time-gated Raman maps,
the raw data from the scans were separated into 20 ps bins and
the resulting images are shown in Fig. 3(d) (no further processing
applied). The gate width that provides the greatest signal-to-
noise ratio depends on the optical properties of the sample,
the Raman intensity, and the lifetime and intensity of the fluo-
rescence. As such, the optimum gate width varies from sample to
sample. As we are operating in a time-correlated single-photon
counting mode, all photons are recorded with their respective
time of detection tagged, and the ideal time gate can be deter-
mined after measurement by inspection.
The time-gated Raman spectral maps show that the two ma-
terials, Tylenol and stilbene, can be distinctly identified up to time
gates of 200 ps. Beyond this time, the stilbene signal increases, but
the Raman photons generated by Tylenol become buried in the
fluorescence background. The Tylenol images show the highest
signal-to-noise ratio at a gate width of 120 ps; the stilbene sample
displays an optimum contrast at 160 ps. For long time-gate values
(e.g., 800 ps), the Raman photons are swamped by the fluores-
cence photons; the Tylenol and stilbene particles cannot be dis-
criminated. (They appear as regions of low signals, as they block
part of the fluorescence photons emitted by the dye molecules.)
Here we present a simple and practical technique for time-
gated Raman spectral mapping. To overcome the main limita-
tions of current time-gated Raman spectroscopy techniques, we
utilized a high repetition pulsed near-infrared laser with a single
element detector to enable high temporal resolution. Using a
spectral filtering/multiplexing approach based on a spectrometer
as the wavelength dispersive element, a DMD as the wavelength
selective component, and prisms to recombine the spectrum
allowed the acquisition of the Raman photons with integration
times as short as 0.1–1 s per pixel. Such short integration times
enabled spectral mapping within practical time scales (e.g., 3–
30 min) for samples for which the CW Raman bands were fully
buried by the fluorescence background [Fig. 3(e)]. While
here we utilized a simple multiplexing technique for proof-of-
principle, the DMD can be programmed for more complex
multivariate spectral measurements to maximize chemical dis-
crimination, as previously demonstrated for conventional con-
tinuous-wave Raman spectroscopy and imaging [18,19]. In
addition, the ability to acquire photons with flexible selection
of the time gate allows us to optimize the time gate for each
chemical component of the sample, or enable simultaneous mul-
timodal Raman and fluorescence lifetime imaging. While our
proof-of-principle experiments used standard materials com-
monly used in Raman spectroscopy, this is a platform technique
that could be applied to a range of applications dealing with sam-
ples eliciting high fluorescence levels.
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